Nonlinear and non-equilibrium properties of low-dimensional quantum materials are fundamental in nanoscale science yet transformative in nonlinear imaging/photonic technology today. These have been poorly addressed in many nano-materials despite of their well-established equilibrium optical and transport properties. The development of ultrafast terahertz (THz) sources and nonlinear spectroscopy tools facilitates understanding these issues and reveals a wide range of novel nonlinear and quantum phenomena that are not expected in bulk solids or atoms. In this paper, we discuss our recent discoveries in two model photonic and electronic nanostructures to solve two outstanding questions: (1) how to create nonlinear broadband terahertz emitters using deeply subwavelength nanoscale meta-atom resonators? (2) How to access one-dimensional (1D) dark excitons and their non-equilibrium correlated states in single-walled carbon nanotubes (SWMTs)?
INTRODUCTION
One major challenge now being posed for condensed matter and materials physics come from a world of small things such as low-dimensional solids and nanostructures. At a fundamental level, correlated interactions among particles lie at the core of these materials. Many-body correlation become dominant in nanostructures simply due to the fact that quasi-particles cannot avoid each other because of reduced dimensionality.The combination of broadband THz probe capability, specially designed nanostructures and femtoseocnd time resolution 1-3 opens unprecedented opportunities to investigate fundamental correlation physics in low-dimensional nanomaterials.
The paper is organized as follows next. In Section 2, we demonstrate efficient single-cycle broadband THz emission, ranging from about 0.14 THz, from a 40 nm gold film of split-ring resonators (SRRs) by pumping at the telecommunications wavelength of 200 THz. The terahertz emission arises from exciting the magneticdipole resonance of the split-ring resonators and quickly decreases under off-resonance pumping. This, together with pump polarization dependence and power scaling of the terahertz emission, identifies the role of optically induced nonlinear currents in deeply subwavelength nanoscale antenna. In Section 3, we show ultrafast terahertz spectroscopy accesses the quasi-1D dark excitonic ground state in resonantly-excited (6,5) SWNTs via internal, direct dipole-allowed transitions between lowest lying dark-bright pair state ∼6 meV. Non-equilibrium, yet stable, quasi-1D quantum states with dark excitonic correlations rapidly emerge even with increasing off-resonance photoexcitation and experience a unique crossover to complex phase-space filling of both dark and bright pair states, different from dense 2D/3D excitons influenced by the thermalization, cooling and ionization to free carriers. nonlinear optics, condensed matter and materials physics to optoelectronics and microwave photonics. The emerging THz technologies, such as quantum-cascade lasers, ultrafast photoconductive switches, have enabled various THz spectroscopy/imaging/sensing developments and have offered perspectives, amongst others, for pushing the GHz switching speed limit of todays logic/memory/wireless communication devices into the THz regime.
In regard to broadband THz sources, a major recent progress 4 is based on nonlinear optical rectification in inorganic crystals such as ZnTe/GaP/GaAs/GaSe/DAST/LiNbO 3 , pumped by femtosecond laser pulses combined with field-resolved detection via electro-optic sampling using similar crystals. However, issues in these crystals are: strongly absorbing longitudinal optical phonon bands that lead to a gap in the THz spectrum in the Reststrahlen region; subtle quasi-phase-matching conditions that require locking phase velocity of the THz emission to group velocity of the optical pump, which restricts the accessible pump photon energies to a fixed and narrow range in order to increase the coherent length.
Recently, there have been efforts on thin THz emitter/detector crystals of 10-30 µm thickness 4, 5 to increase the THz emission bandwidth by leveraging above-mentioned restrictions and to enable integration with current micro-/opto-electronics technology. However, the relatively small nonlinear susceptibilities of inorganic emitters limit the THz emission intensity.
Some other nonlinear media have also been explored although they mostly suffer from either poor stability or limited bandwidth, e.g., the ambient air-plasma generation normally with large shot-by-shot fluctuations, 6, 7 and electrically-biased photoconductive antenna that not only requires extra voltage driving source but also has limited bandwidth, 8 e.g., some substrate materials such as GaAs still have strong TO and LO phonon resonances at 8.1 and 8.8 THz, which limits the THz radiation in this range. 9 The same narrow THz emission bandwidth has also been seen from the fs-laser-accelerated photoelectrons in nano-plasmonic structures.
10, 11
Meanwhile, nonlinear metamaterials have been actively pursued 12 and recently the development of metamaterials composed of split-ring-resonators (SRRs) has enabled researchers to tailor resonant optical nonlinearities from the THz to the infrared and visible regions. 13 In this regard, investigating single nm thickness metamaterials exhibiting artificial optical magnetism i.e., sustaining circulating ring currents at optical frequencies can meet the urgent demand for new nonlinear materials for optical rectification free from both quasi-phase-matching limitation and spurious THz phonon absorption. This is mainly due to the coexistence of resonant nonlinearity [14] [15] [16] from magnetic dipoles and local electric-field enhancement in the narrow gaps of the SRRs, which together allows efficient and broadband THz radiation from emitters of significantly reduced thickness. In addition, tailoring the magnetic resonances of the metamaterial emitters allows for matching to essentially any desired pump photon energy. For example, this allows for integrating THz optoelectronics with high-speed telecommunications as the 1.3-1.5 µm range is not ideal for the above inorganic crystals.
Sample preparation and characterization
The SRR sample has been fabricated using electron-beam lithography and high-vacuum evaporation of gold, followed by a lift-off procedure. The sample is composed of a single layer of 40 nm thin gold film of SRRs with a square lattice constant of 382 nm on a 1 mm thick suprasil substrate coated with a 5 nm thick ITO layer that serves to prevent distortion due to local charge accumulation during the electron-beam lithography. As shown in Fig. 1(a) , the big yellow SRR on the left illustrates the geometrical parameters used for the numerical calculations. Three small yellow SRRs are overlaid in the middle of SRR array micrograph on the right in order to compare the designed SRR geometry with the actual fabricated SRR dimension.
The SRR exhibits two resonances as shown in Fig. 1(b) . The electric-dipole resonance (green curve) is centered at 800 nm and the magnetic-dipole resonance (blue curve) is centered at 1500 nm. They are measured with the polarization of the incident light either perpendicular (electric) or parallel (magnetic) to the gap of the SRRs respectively.
Experimental results
Our experiment is driven by a Ti:sapphire amplifier with central wavelength 800 nm, pulse duration 35 fs and repetition rate 1 kHz. The main portion of the output from the amplifier is used to pump an optical parametric amplifier (OPA) to produce tunable near-infrared (NIR) radiation from 1100 to 2600 nm of about 140 fs pulse duration, which is then used to pump the SRR emitter to generate THz pulses. The generated THz pulses are focused onto a ZnTe or GaSe crystal by a parabolic mirror for electro-optic sampling by a small portion of the amplifier output.
Terahertz emission from pumping electric-and magnetic-dipole resonances
Typical time-domain THz traces, E THz for a pump fluence of 200 µJ/cm 2 are shown in Fig. 2 for two pump wavelengths: this clearly demonstrates THz generation is exclusively from pumping the SRR magnetic-dipole resonance at 1500 nm (red dots), while there is negligible THz signal from pumping the electric-dipole resonance at 800 nm (green line) and pumping the bare substrate at 1500 nm (blue line). The two resonances are excited with the linear polarization of the incident pump light either perpendicular (electric) or parallel (magnetic) to the gap of SRRs. In addition, we characterize the polarization state of the emitted THz pulses to be perpendicular to the gap of the SRRs, consistent with the second-order nonlinearity.
Pump wavelength dependence of THz generation
To further investigate the nature of the THz emission, a 2D false-colour plot and the time-domain THz traces in Fig. 3 show the detailed excitation-wavelength dependence. Resonant photoexcitation of the magnetic-dipole resonance near 1500 nm leads to significant enhancement of the THz emission, as shown in Fig. 3(a) . The corresponding time-domain trace for the on-resonance pumping is plotted in Fig. 3(c) . The conversion efficiency quickly decreases under off-resonance pumping, which is shown by the reduction of the THz emission for excitation both below and above the magnetic-dipole resonance, at 2180 nm [ Fig. 3(b) ] and 1376 nm wavelengths [ Fig.  3(d) ], respectively. The peak-to-peak amplitudes of THz emission ∆E THz (red dots) closely follow the absorption around the magnetic-dipole resonance, as seen by comparison with the 1-T curve [blue, left side panel, Fig. 3(a) ], where T is the linear optical transmission of the sample. All of these observations corroborate the resonant THz generation from nonlinear currents induced by the electrically coupled fundamental magnetic SRR resonance. Figure 4 shows the control of the amplitude and phase of THz emission by varying relative polarization by rotating the SRR emitter. As shown in Fig. 4 (c), we define the polarization angle to be 0 degree when the polarization of the pump beam is parallel to the gap of the SRR and 90 degrees for the orthogonal polarization. Fig. 4 (a) plots 7 traces by varying the SRR emitter from 0 to 180 degree under 1500 nm pumping (traces are offset for clarity). It clearly shows that the THz emission amplitude oscillates starting from a maximum at 0 degree, crosses zero at 90 degrees and returns back to a maximum at 180 degrees with a π phase shift from the origin. The complete polarization dependence of the emission amplitude is shown as a polar graph in Fig. 4 (b) where the peak-to-peak amplitude of THz signal is plotted as a function of the rotation angle. The amplitude is best fitted with a cos 3 (θ) function, where a cos 2 (θ) dependence is from the polarization between the pump beam and the gap of the SRR, and the other cos(θ) originates from the detection ZnTe crystal. In short, the ZnTe detector is aligned such that it measures vertically (horizontally) polarized THz pulses at maximum (minimum) efficiency and the efficiency follows a cos(θ) function. Figure 5 (a) compares the peak-to-peak amplitude of THz electric field ∆E THz versus pump energy for the SRR emitter (blue) with two ZnTe emitters with thicknesses of 1 mm (red) and 0.2 mm (magenta), respectively. The THz signals for the three emitters are measured at the same pump energy and using the same ZnTe detector crystal of 1 mm thickness. For the ZnTe emitters pumped at 1500 nm, the coherence length L c for the THz emission is ∼0.2 mm. 9 Increasing the crystal thickness beyond this value actually decreases the emission intensity, as seen for the 1 mm ZnTe case. This effect is expected from the quasi-phase-matching in the ZnTe emitter crystal: after propagating L c , the superposition of the emitted THz pulses from different sheets will have destructive interference in the ZnTe. Most intriguingly, Fig. 5 (a) reveals a remarkably efficient THz generation from the 40 nm thick SRRs with emission intensity on the same order as the optimal ZnTe emitters of 5000 times thicker: the SRRs generate THz radiation approximately 1/5 of the maximum from the 0.2 mm ZnTe. The emitted THz electric field scales linearly with the pump energy, which corroborates the optical rectification process. Figure 5 (b-g) plots normalized temporal traces of THz electric fields and corresponding spectral amplitudes from the SRR emitter. The THz detection crystals are 1 mm ZnTe (red), 0.2 mm ZnTe (blue) and 0.1 mm GaSe detector (green). This demonstrates the THz bandwidth of the SRR emitter up to 4 THz that is limited mostly by the excitation pulse duration of ∼140 fs (spectral width ∼ 13 meV or 3.2 THz) and by the Reststrahlen region of the inorganic nonlinear detector crystals (centered ∼5-6 THz). Our approach can potentially even generate much higher THz bandwidth by shortening the pump pulses because the SRR emitter does not suffer from the intrinsic limitation of the Reststrahlen region in almost all inorganic THz emitters/sensors.
Polarization dependence of THz generation

Comparison of SRRs with other emitters
Calculation of the second-order nonlinear susceptibility of the SRR emitter
Our phase-resolved THz measurements from the SRR and ZnTe emitters allow us to unambiguously determine the second-order nonlinear susceptibility of the 40 nm thick single layer SRR emitter to be 0.8×10 16 m 2 /V, which has not been possible from previous nonlinear measurements such as the second-harmonic generation.
14, 15
Specifically, we start with the wave equation in a nonlinear medium propagating in z-axis as: where E T (z, t) is the generated THz field, n T the refractive index of THz pulses in the nonlinear medium, ε 0 the free space permittivity, c the speed of light, P
T (z, t) the second-order polarization of the nonlinear medium due to the optical pump beam
2 , where a=2ln2/τ 2 p and τ p is the optical pulse duration, and χ (2) the second-order nonlinear susceptibility of the nonlinear medium, and v o is the group velocity of the optical pump pulse in the medium. THz radiation generated from an infinitesimal thin layer of the nonlinear medium at z = z due to the optical pulse can be expressed as
2 , where
vT , A is a constant, L the thickness of the medium, and v T the phase velocity of THz pulses in the medium. Consequently, the THz field generated from a single sheet of SRRs can be simply obtained as
2 .
In a thick nonlinear medium, the THz field generated can be obtained by taking the integration of the sheet result over the thickness:
2 dz . Knowing the measured peak-to-peak amplitudes ∆E 18, 19 ) is the electro-optic coefficient of ZnTe, we can therefore extract χ
SRR .
Theory to the Terahertz emission
The observed THz emission from the SRR sample is due to optical rectification (OR) by the second-order nonlinear electric response arising from the electrons in the metal that makes up the SRR.
As shown in previous literature, the electron gas in the metal can be described by a hydrodynamic model [14] [15] [16] known as Maxwell-Vlassov theory, which goes beyond the usual linear Drude model for the metallic response and contains second-order nonlinearities:
The first two terms comprise the linear response as described by the conventional Drude model, the following terms are the nonlinear response of the electrons and represent Lorentz force, convective acceleration and Fermi pressure, respectively. All the nonlinear terms are second-order in the Maxwell fields, giving rise to a non-zero second-order electric polarizability χ (2) , which is responsible for 2nd harmonic generation as well as for the THz generation via OR considered here.
As was shown in Ref.
, 16 the main nonlinear contributions are coming from the EdivE and (j · grad)j terms, which do not contribute in the bulk but do contribute on surfaces. Qualitatively, both terms behave like jρ, current times accumulated density on the surface: as a consequence the nonlinear current is parallel or antiparallel to the linear current induced by the external excitation in regions of increasing or decreasing surface charge, respectively. This behavior is illustrated in Fig. 6 : in the case of a simple straight nanorod (left panel), the radiation caused by the nonlinear current contribution (red arrows) in the two regions of surface charge accumulation (i.e. both ends of the nanorod) is out of phase, interferes destructively, and is not observed in the far field. Similarly, the symmetry of the current distribution at the electric dipole resonance of the SRR (middle panel), i.e. with the external electric field along the two parallel arms of the SRR, leads to nonlinear polarization that is parallel to the linear currents at the top ends of the SRR where (positive) charge is accumulating and anti-parallel at the bottom where (positive) charge is depleting. Hence, again, no radiation due to the nonlinear current contributions is observed in the far field. If, however, we excite the resonant mode that has a continuous current (without nodes) around the SRR ring (right panel), i.e. from the tip of one arm to the tip of the other, the nonlinear current in both arm are now parallel, their radiated fields interfere constructively and are observed in the far field. This mode is the magnetic resonance of the SRR, to which we couple electrically by the incident optical pulse (i.e. via the bi-anisotropic electric dipole moment across the gap), such that the resonance can be excited for normal incidence to the SRR plane. It should be noted that, although the mechanism also holds for second harmonic generation reported before, 14, 15 the current phase-resolved THz results allow us to solve the completely different pressing challenges in THz opto-electronics and gain new insights in nonlinear optics of metamaterials, i.e., quantitatively reveal the second-order susceptibility of the SRRs and phase reversal of THz emission, which have not been obtained in prior the SHG experiment.
Discussion
Our designed a single nm-scale layer of SRRs merges nonlinear metamaterials and THz science/technology, representing a new platform for exploring artificial-magnetism-induced nonlinear THz generation. This leads to broadband THz emission from deep-sub-wavelength-scale meta-atoms. One of the future objectives is to design and fabricate 3D SRR emitters in order to greatly improve the THz emission intensity. Although our SRR emitter has much larger second-order nonlinear efficiency than conventional nonlinear media, it is only nm thick, which cannot fully compete with the conventional nonlinear crystals of thousands times thicker at this stage regarding the total THz emission intensity, but our study opens fascinating opportunities for scaling up of the THz emission power via engineering 3D-like nonlinear metamaterials emitter and/or unit cells with even larger nonlinearities.
TERAHERTZ ELECTRODYNAMICS OF SEMICONDUCTING SINGLE-WALLED CARBON NANOTUBES
Quasi-one-dimensional (quasi-1D) excitons in single-walled carbon nanotubes (SWNTs), with large binding energies of hundreds of meV, naturally arise from strong quantum confinement and reduced screening of electron-hole (e-h) pairs. 20 Their internal structure is characterized, in a 1D hydrogen-atom-like description, by a center-ofmass momentum K and by internal quantum numbers (designated here as 1s, 2s, 2p...). These strong excitonic behaviors manifest themselves in extensive static or ultrafast optical interband absorption or emission spectra in individually separated SWNTs, which are stable even in the presence of unbound e-h carriers from residual tube aggregation and/or metallic tubes. 21, 22 However, unlike the hydrogen atom, the correlated e-h pairs in SWNTs evolve in a "modified vacuum" with exotic, chiral symmetry arising from the underlying graphene lattice that gives twofold degeneracy at K and K points. Coulomb interaction splits such "doubling" into odd (u) and even (g) symmetry states entailing a series of bright and optically forbidden, dark exciton pairs, including the lowest 1s(g) and 1s(u). 23 Thus far, the dark ground state 1s(g), hidden from both single-and two-photon optical interband transitions, is still largely unexplored.
Here, ultrafast THz electrodynamics of dark excitons in optically excited (6,5) semiconducting carbon nanotubes is presented. THz photons directly probe the intra-excitonic transition 1s(g)→1s(u) between the lowestlying dark and bright exciton states with an energy gap ∼6 meV [see Fig. 7(a) ] under different lab conditions, e.g., lattice temperature, excitation wavelength, and fluence. The experimentally observed THz responses are reproduced by an analytical model which enables quantitative analysis of transient densities of dark excitons and e-h plasma, oscillator strength, transition energy renormalization and relaxation dynamics. Non-equilibrium, yet stable, quasi-1D quantum states with dark excitonic correlations rapidly emerge even with increasing offresonance photoexcitation and experience a unique crossover from dominantly dark exciton states to complex phase-space filling of both dark and bright pair states, different from dense 2D/3D excitons influenced by the thermalization, cooling and ionization to free carriers.
Sample preparation and characterization
We study Co-Mo-catalyst grown SWNTs of mainly (6,5) and (7,5) chiralities embedded in a freestanding 50 µm sodium dodecylbenzenesulfonate (SDBS) film through drying a D 2 O solution of SDBS-dispersed SWNTs. The SDBS ensures both wide transparency of the polymer matrix in THz range and also serves as a surfactant to effectively reduce SWNT bundles. The absorption spectrum in Fig. 7(b) exhibits the distinct E 11 and E 22 quantized interband absorption peaks of dominant (6,5) and (7,5) chiralities, overlapping E 11 ∼1.24 eV for both chiralities and well-separated E 22 ∼2.17 eV (572 nm) for (6, 5) and ∼1.90 eV (652 nm) for (7,5) tubes, respectively.
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Each chirality is associated with substantially prolonged relaxation times and significantly enhanced photobleaching, as shown in the differential transmission spectra [ Fig. 7(c) ] ∆T /T after 1.55 eV photoexcitation as a function of probe photon energy and time delay. These observations are consistent with the extensive interband studies of high-quality chirality-enriched SWNT samples at visible and near-infrared spectral regions, which are explained by the joint effects of resonantly-enhanced radiative lifetime and exciton-exciton annihilation (EEA). 
Experimental results and data analysis
To probe the response of the excitonic ground states, the THz fields in time-domain are measured. Through the fast Fourier transformation and Fresnel equation, the spectral transmissions consisting of the spectral amplitudes and phase information are extracted respectively, from which the frequency dependent complex-valued dielectric function for unexcited sample ε(ω) and its pump induced transient change after pump-probe delay ∆τ is obtained as ∆ ε(ω, ∆τ ) = ε excited (ω, ∆τ ) -ε(ω). 25 The corresponding conductivity can be calculated by σ(ω) = i[1 − ε(ω)]ωε 0 . The simultaneously-obtained ultrafast conductivity and dielectric function quantitatively measure the dynamic evolution of both the excitons and e-h plasma.
Representative ultrafast THz responses ∆σ are characteristic of a well-defined driven THz oscillator while the shift between their spectral positions and the non-vanishing conductivity, albeit small, at the lowest probe energy ∼2 meV indicate additional low-frequency spectral weight, in the form of a coexisting unbound e-h plasma as discussed later. We emphasize three key facts to assign this resonance mainly from the 1s(g)→1s(u) transition of (6,5) tubes. 26 First, resonant photoexcitation of the (6,5) interband E 22 excitonic transitions at 2.17 eV, shown in Fig. 9(b) , leads to significant enhancement of the transient THz resonance ∼6 meV, e.g., roughly three times as large as the 1.55 eV off-resonant excitation [ Fig. 9(a) ], for the same excitation photon density n=1.4×10 14 cm −2 per pulse. This clearly shows the excitonic origins of the THz resonance in (6, 5) tubes. Second, raising the initial lattice temperature to T =300 K [ Fig.  9(c) ] diminishes the resonance as compared to T =5 K [ Fig. 9(b) ], for the same resonant excitation. Third, the resonance occurs in the transparent region of the unexcited sample and is close to the 1s(g)→1s(u) transition energy of (6,5) tubes indirectly extrapolated in high field magneto-optical studies.
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For a quantitative analysis, a theoretical model is used to reproduce the experimentally determined complex THz dielectric functions. The model consists of two components: the THz dielectric function of the intra-excitonic transitions ε 1s g→u (ω) plus a Drude term of unbound e-h plasma ε eh (ω):
For the first component (Fig. 8, dashed green) , F u . The second, Drude component (Fig. 8, dashed cyan) is added with ω 2 p proportional to the density of unbound e-h density n eh . ε 0 and ε ∞ are the vacuum and background permittivity, and e and (orange dots), measured at pump-probe delay ∆τ =0.5 ps after 1.55 eV pumping with fluence 96 µJ/cm 2 (3.9 × 10 14 photons/cm 2 ) at T =5 K. The black line is the fit using the analytical model Equ. 4, which is the sum of the 1s(g)→1s(u) excitonic (dashed green line) and unbound e-h responses (dashed cyan line). Inset of (a): the corresponding transmitted THz time-domain fields through reference (a clear aperture) E ref (t) (green), unexcited sample ETHz(t) (blue), and its pump-induced change ∆ETHz(t) (red). m are the electron charge and the effective exciton (or electron) mass obtained from. 28 Such composite THz response model (Fig. 8, solid black lines) provides an excellent agreement with the low temperature experiment (Fig. 8, orange dots) by varying the ω 2 ), the oscillator strength f is needed for the 1s(g)→1s(u) transition which has never been determined before. This can be directly obtained via fluence dependence. Fig. 10(b) plots the ratio R = F 1s g→u ·(ε 0 m/e 2 )/(n ph − n eh ) as a function of fluence down to 3 µJ cm −2 , where n ph is the actual absorbed photon density after taking into account the reflection and transmission of the pump beam in the optical path. This ratio, with sufficiently weak photoexcitation, will converge to f 1s g→u since most photo-generated E 22 excitons will populate in the dark ground state 1s(g) during the THz pulse and ∆n X ≈ n ph − n eh . This condition is ensured due to fast inter-subband E 22 -to-E 11 relaxation ∼40 fs, 29 low transient excitonic temperature and strongly limited exciton-exciton annihilation (EEA) in dilute exciton gas. 30 Indeed, the ratio shown in Fig. 10 (b) exhibits strong pump power dependence and, with decreasing fluence below ∼ 10 µJ cm −2 , converges to a constant f 1s g→u ≈ 0.79. Increasing pump fluence to 10s of µJ cm −2 leads to a significant drop of the ratio, which can be attributed to efficient EEA that lowers the photon-exciton conversion efficiency.
The obtained density ∆n X and its relaxation dynamics (black dots) are well described by a bimolecular decay shown in Fig. 10(c) . Although it exhibits a highly non-exponential profile over ps time scales, a reciprocal plot of 1/∆n X (t), instead, yields a simple straight line, i.e., 1/∆n X (t) ∼ βt (bottom panel, black dots), which is the hallmark of the bimolecular decay given by d dt ∆n X (t) = −(1/2)β∆n 2 X (t) with decay rate of sheet density β=2.3×10 −14 cm 2 ps −1 . 21 The 1/n eh (t) decay (red dots), on the contrary, show large variation from the bimolecular behavior, which further underscores the excitonic origin of the ∆n X (t) response. Furthermore, the strong similarity between the ∆n X (t) decay and firmly established exciton kinetics in SWNTs also indicates that most excitons populate in the 1s(g) ground state and ∆n X (t)≈ n 1s g , under current experimental conditions, i.e., n 1s g n 1s u . Here ∆n X thus quantitatively follows the 1s(g) exciton density, revealing, particularly, that the resonant photoexcitation generates n 1s g ∼90% of the total density, much larger than n eh (Fig. 10(c), top panel) . Increasing off-resonant excitation reveals the complex many-particle state. Fig 11 shows ∆σ NT 1 (ω) and ∆ε NT 1 (ω) for several pump fluences after 1.55 eV photoexcitation at T =5 K. The spectra at ∆τ =0.5 ps clearly exhibit the ω 1s g→u resonance, despite 100s of meV detuning away from the excitonic resonance, which dominates e-h plasma especially at low pumping. The sub-ps formation even with off-resonant excitation appears to be much more efficient than 2D/3D excitons that are strongly influenced by the co-existing unbound e-h plasma with 100s of ps cooling time under the off-resonant pumping. 31 The composite THz model (black lines) again consistently reproduces very well the experimental results, which are divided into individual components in the same manner as Fig. 8, i. e., the intraexcitonic 1s(g)→1s(u) (dashed green lines) and unbound e-h carriers (dash-dotted cyan lines). Note that the model described above starts to deviate from the experimental spectra at high temperature or large exciton density, e.g., the negative ∆σ NT 1 (ω) in the 300 K case in Fig. 9 (c) and high pumping above 512 µJ/cm 2 in Fig. 11(a) . This can be fully resolved by an additional contribution from a photo-bleaching of the absorption band centered at ∼4 THz (dashed pink lines), which were extensively described in the prior study 33 and will only be discussed briefly here: several prior studies in SWNTs have established an absorption band centered at ∼4 THz in SWNTs, which appears to be a "universal" feature in static THz spectra of SWNTs.
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It is expected that the bleaching of this 4 THz oscillator only contributes significantly to the low energy transient spectra at high temperature or high pumping in our case. While it appears to be negligible in the low pumping case shown in Fig. 8 . The origin of this transition is still somewhat unclear. 33 This feature was first assigned to a pseudogap or electronic interband transitions between small gap nanotubes. 32 Later, phonon 34 and plasmon resonance 35 were suggested as possible causes. It is out of scope of our study although our ultrafast low energy spectra and fittings indirectly confirmed again its existence.
Additionally, two salient features are visible with increasing pump fluence:
(1) The first feature is that the ω 1s g→u resonance in ∆σ NT 1 (ω) shifts to lower frequency [ Fig. 11(b) ], illustrated by two vertical dashed lines in Fig. 11(a) , ∼20% change from 15 to 814 µJ cm −2 . We attribute this to the critical role of plasma-exciton interaction in the renormalization of the excitonic levels, considering the unbound e-h density significantly increases in the off-resonance pumping, e.g., n eh can reach ∼2.5×10
13 cm −2 , comparable to exciton density, shown in Fig. 11(c) . Note that the ω 1s g→u shift is not seen in the system of a predominant exciton population, shown in Fig. 10 for the resonant pumping, which has larger exciton density but one order of magnitude smaller n eh .
(2) The second feature is that the exciton density ∆n X exhibits a distinct non-monotonic variation with increasing excitation fluence [ Fig. 11(c) ], which peaks at I C ∼130 µJ cm −2 followed by a significant decrease with further increasing fluence (the same non-monotonic fluence dependence of the ω 1s g→u resonance is also observed with resonant E 22 excitation, which can be similarly understood). However, most interestingly, the intra-excitonic resonance ω 1s g→u exhibits little shift or broadening at I C [<5%, dashed arrow in Fig. 11(b) ], indicating that there is no obvious exciton ionization to unbound e-h plasma. This is consistent with the fact that the photoexcited exciton density is far below the expected Mott density in SWNTs.
30 This appears to be fundamentally different from dense 2D and 3D excitons where the strong decrease of excitonic signals occurs only upon the ionization of excitons manifested by a significant shift, broadening, and ultimately the disappearance of the THz resonances. The quasi-1D many-body state in SWNTs reveal, instead, the evolution from a predominant dark exciton population in the 1s(g) to phase space filling of both the lowest dark and bright exciton pair states. Such crossover at I C is illustrated by two shaded colors in Fig. 11(c) : below I C , photoexcited excitons primarily populate in the lowest lying dark state 1s(g) that leads to a rapid rise of ∆n X with increasing pump fluence; above I C , photoexcited excitons have larger probability to populate the 1s(u) state rather than the 1s(g) ground state, due to electronic heating of the many-body systems, which is responsible for the reduction of the ω 1s g→u resonance via Pauli blocking of the transition. The 1s(g)/1s(u) exciton pairs, being protected by the symmetry and 1D correlation, is stable against high density ionization. They are well-isolated from higher lying np exciton levels (n>2) and continuum (>200 meV).
20, 22
Discussion
We provide the first insights into the chirality-specific THz response of ground state dark e-h pair correlation and dynamics in SWNTs. The ultrafast dark exciton physics and probes revealed, being independent of ground state symmetry and momentum conservation restrictions, motivate further studies to identify exactly how stronglyenhanced electronic correlation and reduced screening regulate the 1D excition formation. This may evolve into a benchmark approach for quantitative exciton management in SWNT-based device development, and motivates for fundamental quantum phase discovery of excitons and other strongly correlated excitations.
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